Introduction
Pluripotent stem cells undergo progressive restriction in their lineage potential to give rise to mature, terminally differentiated cells. Transcription factors regulating lineage-specific genes play a major role in the commitment and development of specific hematopoietic lineages. Accordingly, some of hematopoietic disorders and leukemias are due to the dysregulation of the activities of specific transcription factors. 1 The role of a number of transcription factors in hematopoietic development has been elucidated by knockout studies and has lead to the identification of GATA-1 and -2, Tal-1/SCL, Ikaros, c-myb, AML-1, PU.1 genes, among others, as key regulators of hematopoiesis. and CAAT-enhancer-binding protein (C/EBP)-a and -e are critical for normal granulocytic differentiation; [3] [4] [5] [6] while Egr-1, a zincfinger protein, drives macrophage differentiation. 7 Interferon regulatory factor 1 (IRF-1) was originally identified as a protein binding to DNA sequences termed IRF-E present on the promoters of the IFN-a and -b genes. 8 These sequences, detected on most IFN-stimulated gene promoters, bind with different affinities at least nine cellular members belonging to the IRF family, which share a homologous DNA-binding domain located at the NH 2 terminus. Beside their key role in gene regulation by IFNs and viral infections, IRFs have been recognized as regulators of genes expressed during inflammation, immune responses, hematopoiesis, cell proliferation and differentiation (for a review, see Nguyen et al 9 and Taniguchi et al 10 ) . Specifically, clinical studies indicated that IRF-1 may function as tumor suppressor by preventing the development of some forms of leukemia. In particular, the IRF-1 gene maps to the chromosomal region 5q31.1, which is usually deleted in acute promyelocytic leukemia or leukemias and preleukemic myelodysplastic syndrome. [11] [12] [13] [14] Similarly, in chronic myeloid leukemia, a marked decrease of full-length IRF-1 mRNA, associated with high levels of aberrant spliced IRF-1 mRNA generated by exon skipping, has been recently reported. 15 Intensive functional analysis of IRF-1 revealed a remarkable functional diversity of this transcription factor in the regulation of cellular responses, through the modulation of different sets of genes, depending on the cell type, state of the cell and/ or the nature of the stimuli. 16 Specifically, studies in knockout mice implicated IRF-1 in the regulation of various immune processes such as T-cell selection and maturation, as well as leukemogenic development. Impairment in CD8 þ cell maturation, defective Th1 responses associated with defects in macrophage production of IL-12 and maturation of NK cells have all been observed in immune cells from IRF-1 À/À mice. [17] [18] [19] [20] [21] Recent studies suggest that transcription factors belonging to the IRF family can play an important role in the myeloid differentiation. In particular, studies in knockout mice have shown that IRF-8 has a key role in the myeloid cell lineage selection and macrophage maturation, 22 while in vitro studies have provided some evidence on the importance of IRF-1 in granulocytic differentiation, its induction by G-CSF representing a limiting step in the early events of differentiation. 23 In this study, we investigated the role of IRF-1 in normal granulocytic differentiation in vivo, in mice with a null mutation in IRF-1. Even though several defects in the lymphoid lineage of these mice had been described, a detailed analysis of medullar myelopoiesis was missing. Here, we show that in the IRF-1 À/À mice there is a reduction in the CFU-GM and CFU-M colonies and a decrease of the Gr-1 bright /CD11b cells, associated with an increase of the Gr-1 dim fraction. This phenotype correlates with a decreased expression of key master genes in granulocytic differentiation such as C/EBP-e and -a, whose expression is accordingly stimulated by IRF-1.
These results represent the first in vivo evidence of the involvement of IRF-1 in the early phases of granulo-monocytic differentiation and further extend the role of this pleiotropic transcription factor in hematopoietic differentiation.
Materials and methods

Mice
IRF-1-deficient mice 17 (IRF-1 À/À ) (Jackson Laboratory Bar Harbor, ME, USA) were kindly provided by Yutaka Tagaya (NCI, NIH Bethesda, USA). The À/À mice, which are on a hybrid C57BL/6X129/SV background, have been crossed with C57BL/6 and the À/À and þ / þ mice were obtained by back cross. Homozygous-deficient and wild-type (wt) ( þ / þ ) mice were bred and maintained under specific pathogen-free conditions. Genotyping was performed by polimerase chain reaction (PCR) using standard procedures and the following primers: 
Cells and culture
CD11b
þ cells were isolated from bone marrow of IRF-1 À/À and wt mice by direct magnetic cell sorting with MACS CD11b þ microbeads (Miltenyi Biotec Gmbh, Germany) according to the manufacturer's instructions. 32Dcl3 cells were grown in Iscove's modified Dulbecco's medium supplemented with 15% heat-inactivated fetal calf serum and 2 ng/ml recombinant murine IL-3. Culture conditions were at 321C in 5% CO 2 atmosphere with twice weekly passages at low cell density. Stable transfectants were prepared as described elsewhere. 23 
CFU assay
Bone marrow cells were isolated by flushing tibia and femur with phosphate-buffer saline from 10 wt or IRF-1 À/À mice. Spleens were removed aseptically and washed with a syringe in Iscove's modified Dulbecco's medium. The cell suspension was then passed through a single layer of 100-gauge nylon mesh, centrifuged and resuspended in Iscove's modified Dulbecco's medium at an appropriate cell dilution for colony assay. Bone marrow cells derived from tibias were passed into a 2-ml syringe through a 11-gauge needle; cells were then counted and resuspended at an appropriate dilution for colony assay. The methylcellulose culture method was used for the assay of BFU-E, CFU-G, CFU-M and CFU-GM and progenitors. Bone marrow and spleen cells were cultured at a concentration of 5 Â 10 4 and 1 Â 10 5 cells/ml/dish, respectively (three plates/point) in 0.9% methylcellulose (cell culture grade; Sigma, St Louis, MO, USA), 40% fetal calf serum (Flow Laboratories, Glasgow, Scotland) and a-thioglycerol (10 À4 mol/liter; Sigma) at 371C in a 5% CO 2 humidified atmosphere. The growth of CFU-G, CFU-M and CFU-GM colonies was sustained by the addition of recombinant murine growth factors, specifically G-CSF (Peprotech, London, UK), M-CSF (Peprotech, UK), GM-CSF (Peprotech, UK), added alone or in combination in the absence or in the presence of murine kit ligand (Peprotech, UK); the growth of erythroid colonies by 10% WEHI-3-conditioned medium, 20 ng/ml SCF and 3 IU of recombinant human erythropoietin (kindly provided by Amgen, Thousand Oaks, CA, USA; specific activity, 1.1 Â 10 6 U/mg). At days 8 and 10, CFU-GM and BFU-E colonies were scored and counted under an inverted microscope by two independent investigators.
In some experiments, individual colonies have been pickedup and analyzed for cell morphology after cytocentrifugation and staining with May-Grü nwald-Giemsa.
Bone marrow and spleen cell morphology
Bone marrow or spleen cells were counted in a hemocytometer. Approximately, 3 Â 10 4 cells in 0.1 ml physiological solution containing 2 mg/ml bovine serum albumin were cytocentrifuged. Slides were stained with May-Grü nwald-Giemsa and examined under a miscroscope as previously described.
White blood cells (WBC) and granulocytic cell count
Anesthetized animals were bled by the tail. In all, 5 ml of blood was diluted in 50 ml of Turk's solution, and WBC were counted in a hemocytometer. Blood was smeared on a glass slide and stained with May-Grü nwald-Giemsa for granulocyte identification and counting.
Flow cytometry analysis
For flow cytometry analysis, cells were resuspended in PBS containing bovine serum albumin (2 mg/ml) and incubated 30 min at 41C in the presence of an appropriate dilution of one of these antibodies: anti-CD11b/Mac-1, anti-Gr-1/Ly-6G, anti Sca-1/Ly6A/E, anti-c-kit, anti-flt3 and anti-TER-119. All these antibodies were directly conjugated with either fluoresceine (FITC) or phycoerythin (PE) and were purchased from Becton Dickinson/Pharmingen Co (San Jose, CA, USA). After two washings in cold PBS, the cells were resuspended in PBS and analyzed by a FACS Scan (Becton-Dickinson) flowcytometer. Negative controls were stained with appropriate isotypematched negative controls. In some experiments, bone marrow cells of wt and IRF-1 À/À mice were labelled with FITC-labelled anti-CD11b and PE-labelled Gr-1; after labelling, cells were sorted into two populations according to the intensity of Gr-1 labelling (CD11b þ /Gr-1 dim and CD11b þ /Gr-1 bright ) using a FACS vantage (Becton-Dickinson) flow cytometer. In some experiments, bone marrow cells have been labelled with a set of anti-B-lymphocyte antibodies (anti-B220, -CD19, -CD21, -CD22, -CD40 and -IgM) and analyzed by flow cytometry as above.
Western blot assay
Nuclear cell extracts were prepared as described. 24 Total cell extracts from CD11b þ cells were prepared by resuspending cell pellets in lysis buffer containing 60 mM Tris-HCl pH 6.8, 2% (v/v) SDS, 1% (v/v) glycerol. Cell extracts were then boiled for 10 min to dissolve DNA and membranes.
Aliquots of 20-50 mg of nuclear or total cell extracts were separated on 10% SDS PAGE. Blots were incubated with polyclonal anti-c/EBP-a (Sc61 Santa Cruz Biotechnology), antic/EBP-e (Sc158, Santa Cruz Biotechnology) and anti-PU.1 antibodies (Sc352, Santa Cruz Biotechnology) and then with horseradish peroxidase-coupled secondary antibody (Amersham, Buckingamshire, UK), using the enhanced chemiluminescence system.
Results
Blood cell counts in adult mice
The IRF-1 À/À mice have been previously described. 17 The IRF-1 gene contains a deletion of aminoacids 63-223 corresponding to the exons that encode the DNA-binding domain. The mutated IRF-1 gene was confirmed by PCR of tail DNA (Figure 1a ), as described in Material and methods.
The number of blood cells present in the peripheral blood of wt and IRF-1 À/À mice was evaluated (Table 1) . White blood cell counts were significantly decreased in the group of IRF-1 À/À mice as compared to wt controls, consistently with literature data, while both groups of animals exhibited comparable levels of red blood cells. The analysis of subpopulations of WBCs showed that IRF-1 À/À mice displayed a marked decrease in the number of lymphocytes and a moderate, but significant, decrease of granulocytes as compared to the levels observed in wt mice.
IRF-1 À/À mice show an impaired granulocytic differentiation
The analysis of the cellularity of the bone marrow and the spleen (Figure 1b) showed that: (i) IRF-1 À/À mice exhibited a moderate, but significant (Po0.05), decrease in the number of total hemopoietic cells present at the level of bone marrow, as compared to the levels observed in wt mice; (ii) at the level of the spleen, the cellularity was comparable in both wt and IRF-1 À/À mice. Given the decrease in the bone marrow cellularity observed in IRF-1 À/À mice, we asked whether this phenomenon was due to a generalized or selective decrease in the different hemopoietic lineages. Thus, bone marrow cells were labelled with specific antibodies and the number of positive cells was evaluated. As shown in Figure 1c 
Lack of IRF-1 results in a reduction in granulo-monocytic progenitors
The decreased numbers of granulocytes in the bone marrow of IRF-1-deficient animals could be due to a decrease in the size of the pool of granulocyte precursors, impaired granulocytic maturation or death of immature and/or mature granulocytic cells. To distinguish between these possibilities, granulopoiesis was explored at the level of progenitor compartment by clonogenic assay in semisolid medium, as well as at the level of different maturation compartments defined according to double labelling procedures.
Bone marrow cells were plated in semisolid medium and granulocytic (CFU-G), monocytic (CFU-M) and granulo-monocytic (CFU-GM) progenitors were evaluated using a standard colony-forming assay. Bone marrow cells have been grown in the presence of either G-CSF added alone or togheter with KL or M-CSF added alone or together KL and GM-CSF þ G-CSF þ M-CSF with and without KL (Figure 2 ). This study provided evidence that the number of CFU-G and CFU-GM was reduced in all culture conditions in IRF-1 À/À mice compared to wt mice (Figure 2a) . Interestingly, IRF-1 À/À mice displayed a very low response to M-CSF. Moreover, the size of CFU-G and CFU-GM colonies in cultures of bone marrow IRF-1 À/À cells was significantly lower than that observed in the corresponding colonies of bone marrow wt cells (data not shown). Finally, the analysis of the cellular composition of individual CFU-G colonies at day 8 of culture provided evidence that these Interferon regulatory factor-1 and granulocytic differentiation U Testa et al colonies when derived from wt mice bone marrow are composed by mature granulocytic elements, while when they are derived from IRF-1 À/À mice bone marrow are composed by a significant proportion of immature granulocytic precursors (Figure 2b) .
In contrast to these observations, similar number of erythroid progenitors (BFU-E) were observed in IRF-1 À/À mice and wt mice (data not shown). At the spleen level, a comparable number of both CFU-GM and BFU-E was observed in wt and IRF-1 À/À mice (data not shown). À/À mice were stained with May-Grunwald-Giemsa. Representative cells from three fields are shown. The photographs were taken at an original magnification of 400 using a Nikon microscope equipped with a camera and a device for digital imaging elaboration.
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Impaired granulocytic maturation in IRF-1 À/À mice
In line with the observations made on single colonies, the inspection of cytospin preparations of bone marrow stained with May-Grumwald-Giemsa showed that, in the bone marrow of IRF-1 À/À mice, a marked increase of immature granulocytic elements was observed, compared to wt bone marrow (Figure 2c ). In particular, the bone marrow from wt mice contained cells in various stages of differentiation, from promyelocytes to neutrophils, with a predominant frequency of mature elements, whereas bone marrow from IRF-1 À/À mice contained mostly promyelocytes and myelocytes.
To evaluate at which step of granulocytic maturation a defect could occur, we performed double labelling experiments for different granulocytic markers. Cells from the bone marrow were labelled with a panel of antibodies for either CD11b or Gr-1, which allow the identification of all granulocytic elements present in the bone marrow, and c-kit, Flt3 or Sca-1, which allow the identification of the more immature elements of the granulocytic lineage. The immature granulocytic cells were also identified by double labelling experiments with CD11b and Gr-1 antibodies, in that the cell population CD11b þ /Gr-1 dim is composed by immature granulocytic elements, while CD11b þ /Gr-1 bright cells are composed by more mature granulocytic elements, as previously shown. 25 Representative double labelling experiments are illustrated in Figure 3 , where the results obtained by a total gating (Figure 3a) as well as by a gating limited to the cells with a scatter corresponding to granulocytic cells are shown (Figure 3b ). This analysis provided evidence that immature granulocytic cells identified either as 
þ cells are clearly increased in IRF-1 À/À mice compared to the levels observed in wt mice. The quantitative analysis of the proportion of c-kit
þ cells indicated that their number is significantly increased in IRF-1-deficient mice compared to wt mice (Po0.02, o0.02 and o0.05, respectively) (Figure 3b) .
B-lymphocyte differentiation is normal in IRF-1 À/À mice
The effect of IRF-1 deficiency on B lymphopoiesis was also investigated. The total number of B lymphocytes present in the bone marrow of IRF-1 À/À mice was comparable to that observed in wt mice (data not shown). The proportion of immature B-lymphoid precursors (identified as B220
þ ) was comparable in wt and IRF-1 mice (Table 2) .
C/EBP-a and -e expression is reduced in CD11b
þ cells from IRF-1 À/À mice bone marrow C/EBP-a and -e are transcription factors playing a critical role in granulocytic lineage development. Expression of C/EBP-a can induce granulocytic differentiation of multipotential myeloid cells, and mechanisms of C/EBP-a inactivation in acute myelogenous leukemia have been described. 26, 27 Similarly, C/EBP-e-null mice fail to generate functional neutrophils; notably, it has been suggested that C/EBP-e acts temporally downstream of C/EBP-a, blocking late steps in terminal differentiation of mature segmented granulocytes. 28, 29 Considering the impaired granulopoiesis and, in particular, the increase of immature granulocytic elements observed in IRF-1 À/À mice, we asked whether bone marrow cells from these animals could show a decreased C/EBP-a and -e expression. The expression of C/EBP-a and C/EBP-e was, therefore, tested in CD11b þ cells purified from bone marrow of IRF-1 À/À mice. As shown in Figure 4a , a significant decrease in both C/EBP-a and -e expression was observed in CD11b þ cells of IRF-1 À/À mice as compared to the levels observed in cells isolated from wt mice. Moreover, PU.1, a downstream target of c/EBP-a, whose overexpression has been shown to potentiate terminal myeloid differentiation, 23, 30 was substantially inhibited in IRF-1 À/À mice. Finally, to further evaluate the link between IRF-1 andC/EBP-a and -e, we evaluated the expression of these transcription factors in 32Dcl3 cells overexpressing IRF-1 (Figure 4b ). Of interest, the Western blot analysis of C/EBP-a and -e expression in these cells showed a substantial increase in both transcription factors, which was even greater than that observed when parental cells were allowed to differentiate in the presence of G-CSF (data not shown). These results suggest that IRF-1 is able to modulate the expression of transcription factors, such as C/EBP-a and -e, playing a key role in granulocytic differentiation.
Discussion
In this study, we have demonstrated that the loss of IRF-1 results in the in vivo impairment of granulocytic differentiation. In fact, we have found that the bone marrow of IRF-1 À/À mice shows a decrease of about 50% in CFU-GM colonies number, which is associated with a marked increase in immature granulocytic cells identified as CD11b Interferon regulatory factor-1 and granulocytic differentiation U Testa et al A role of IRF-1 in granulocytic differentiation was suggested by some in vitro studies: IRF-1 is expressed in immature myeloid bone marrow cells 31 and its expression significantly increases during granulocytic maturation of human progenitors; 23 moreover, IRF-1 gene expression is rapidly induced in M1 myeloblastic leukaemia cells induced to terminal differentiation by IL-6 or leukaemia inhibitory factor (LIF), 32 and finally enforced IRF-1 expression in the 32Dcl3 myeloid progenitor cell line stimulates spontaneous granulocytic differentiation while potentiating G-CSF-induced maturation. 23 While these findings support the involvement of IRF-1 in the control of granulopoiesis, the demonstration of the in vivo relevance of this transcription factor was still missing. Thus the present study, based on the analysis of granulopoiesis in IRF-1 À/À mice, represents the first in vivo evidence on the role of IRF-1 in controlling normal granulopoiesis.
Two different mechanisms seem responsible for the impaired granulopoiesis observed in the knockout mice. The first defect occurs at the level of the progenitor compartment and the other one at the level of granulocytic precursors. Bone marrows of IRF-1 À/À mice show, in fact, a decrease in CFU-GM colonies of about 50% (Figure 2 ). This decrease in granulo-monocytic progenitors is associated with a marked increase in immature granulocytic precursor cells, identified as CD11b Figure 3) . Only a moderate decline of granulocytes is instead observed in the peripheral blood, indicating that compensatory mechanisms can occur during late stages of granulopoiesis.
Of interest, the phenotype observed at level of bone marrow in IRF-1 À/À mice is reminiscent of that observed in the C/EBP-e À/ À mice. 28, 29 In particular, these mice showed a pronounced increase of immature myeloid elements in bone marrow, associated with a significant decrease in the number of mature granulocytes and the presence of immature myeloid elements in peripheral blood. The similarities between the phenotypes of these two knockout mice suggest that the effect of IRF-1 on granulopoiesis could be mediated through C/EBP-e. In line with this hypothesis, we observed that (i) there was a significant decrease (more than 70%) of C/EBP-e levels in cell extracts derived from bone marrow of IRF-1 À/À mice, as compared to normal mice; (ii) C/EBP-e levels were upmodulated in 32Dcl3 cells overexpressing IRF-1, as compared to the levels observed in wt 32Dcl3 cells.
Of note, the analysis of IRF-1 À/À mice also showed an effect at the level of the CFU-G compartment, where a moderate, but significant, decrease in the number of these progenitors, compared to that in wt mice, was observed. This effect on the granulocytic compartment could be due to a reduction in C/ EBP-a expression that is, in fact, expected to give rise to a decrease in the number of granulocytic progenitors. According to this hypothesis, 32Dcl3 cells overexpressing IRF-1 display a pronounced increase in C/EBP-a levels, while bone marrow cells derived from IRF-1 À/À animals exhibit a decrease in C/EBPa expression as compared to wt mice. Interestingly, as reported in, 23 IRF-1 overexpressing cells are able to partially undergo granulocytic differentiation even in the absence of growth factors and this effect is not related to an inhibition of cell growth. The inhibitory effect on the granulocytic differentiation observed after C/EBP-a gene targeting is markedly more pronounced than that observed in IRF-1 À/À mice, 33 in spite of the marked decrease in C/EBP-a observed in these mice. This discrepancy could be related to the fact that the decrease of C/ EBP-a (and PU.I) observed in IRF-1 À/À CD11b þ cells, in comparison to the corresponding normal cells, is overestimated, due to the accumulation of immature granulocytic precursors in IRF-1 À/À compared to wt mice. Additional experiments are required to assess whether the effect of IRF-1 deficiency on C/ EBP-a and PU.1 is due to a primary effect of IRF-1 on the expression of these genes or to the general effect on granulopoiesis.
It is of interest to note that we also observed a markedly reduced response of IRF-1 À/À bone marrow cells to M-CSF. This finding is similar to the defective M-CSF response observed in IRF-8 À/À mice. In IRF-8 À/À mice, however, a markedly reduced CFU-M colony formation in response to M-CSF is associated with a markedly increased CFU-G colony formation in response to M-CSF and G-CSF. 34, 35 Therefore, the result obtained in IRF-1 À/À mice is in some way unexpected considering that the two lineages, macrophage and granulocyte are coupled and the development of one is associated with the repression of the other. The reason of the reduced response of IRF-1 À/À bone marrow cells to M-CSF is at the moment unclear and could be related, as shown for IRF-8 À/À mice, to a reduced M-CSFR expression 34 and signalling. 35 We could however speculate that IRF-1 acts at a earlier step in lineage commitment with respect to IRF-8, affecting a common GM progenitor. This hypothesis is also supported by the highly decreased PU.1 expression observed in IRF-1 À/À mice. Previous analyses of IRF-1 knockout mice 36 did not revealed severe defect in the myeloid lineages differentiation. However, in previous studies, maximal emphasis was generally given to immunological abnormalities of these mice and no detailed analysis of bone marrow hematopoiesis was performed. Moreover, compensatory mechanisms occurring during late stages of granulopoiesis may result in a mild phenotype at the level of peripheral blood. This has been reported for knockout mice for other transcription factors. Stat5a À/À 5b À/À mice, for example, despite their almost normal hematocrit, exhibit marked abnormalities of erythropoiesis at the level of bone marrow, with expansion and premature death of immature erythroblasts. 37 In conclusion, our results demonstrate a previously unrecognized role of IRF-1 in granulopoiesis and indicate that IRF-1 acts at several steps in this process, via a modulation of early specific transcription factors including C/EBP-a, -e and PU.1, and through induction of lineage-specific markers as previously reported. 23 Moreover, the observation that changes in marrow granulopoiesis are associated with only a moderate decline of granulocytes in the blood stream is in line with previous observations, suggesting that multiple independent molecular pathways may stimulate granulocyte differentiation and alternative pathways can compensate for the absence of specific transcription factors, stressing again the remarkable degree of redundancy and robustness involved in the regulation of granulopoiesis.
